Coseismic signals of groundwater levels are generally obtained by subtracting the responses of atmospheric pressure, Earth tides and precipitation from the observed data. However, if the observations are conducted without nearby barometers, pluviometers or Earth tide data for correction, coseismic signals are often difficult to extract. In this case, the Hilbert-Huang transform (HHT) is used to obtain the instantaneous frequencies and amplitudes for every point of the decomposed intrinsic mode functions (IMFs) from groundwater level data for differentiating the related frequency-dependent responses without a further auxiliary input. The extracted coseismic signals show intense amplitude pulses that are clearly seen in the third IMF. In addition, two types of coseismic signals can be readily distinguished in the results from the HHT transform. One is an instantaneous short-time signal induced by the passing of seismic waves. Another coseismic signal is a sustained signal induced by the nearfield earthquake occurring near the Hualien station, Taiwan and shows a positive correlation between the earthquake distance and magnitude. Our results generally show that using the HHT transform improves our understanding of automatic detection of the coseismic signals from the groundwater level.
I N T RO D U C T I O N
The relationship between coseismic signals and groundwater level has intrinsic potential for understanding essential characteristics of an aquifer during earthquakes (Igarashi & Wakita 1991; Quilty & Roeloffs 1997; Roeloffs 1998) . In general, variations of groundwater level are a composite result by responses of atmospheric pressure, Earth's tidal activity and precipitation (Bredehoeft 1967; Van der Kamp & Gale 1983; Narasimhan et al. 1984; Roeloffs 1988) . During an earthquake event, coseismic signals of groundwater level are normally weak in the background and only for a very short appearance if recorded.
For extracting and retrieving weak earthquake signals from longterm groundwater variations, responses of atmospheric pressure and the Earth tides, which are two conspicuous intrinsic functions of the groundwater levels, have to be removed first. The leastsquares regression analysis is the simplest method for estimating the responses of atmospheric pressures and Earth tides in the coseismic signals by one or two single coefficients, respectively (Roeloffs 1988) . However, Rojstaczer (1988) indicated that the responses of atmospheric pressure depended on the frequency for a poorly or partially confined aquifer; thus site effect is inherently important. Later, Quilty & Roeloffs (1991) characterized and removed the responses of the atmospheric pressures at subtidal frequency and Earth tides by frequency-dependent transfer functions with limited success. Note that the major frequencies of the atmospheric pressure and the Earth tide exhibit as 2 and 1 1 d −1 in groundwater level records, respectively.
Alternately, coseismic signals are often disturbed by precipitation due to the short temporal period coinciding with that of atmospheric pressure and the Earth tide. Matsumoto (1992) applied a two-stage method to separate tide responses from coseismic signals of groundwater levels by a weighted sum during the entire observation period and obtained precipitation responses using an impulse-response model. However, noise is still attached in the residual and affects the identification of earthquake signals. Kitagawa & Matsumoto (1996) illustrated that the groundwater level is composed of aforementioned three responses, a noise and a long-term trend component via a state-space representation. By noise reduction, Matsumoto & Roeloffs (2003a,b) were able to search the coseismic signals and successfully identified 28 earthquakes in the residual groundwater level record at the Haibara well in central Japan from 1981 to 1997. In short, groundwater level records have the potential to retrieve earthquake signals if other auxiliary observations such as barometers, pluviometers and Earth tide variations can be filtered out and/or separated from earthquake once after applying methods with substantial noise reduction. Thus, without the help of other auxiliary observations, coseismic signals are inherently recorded with groundwater level changes and cannot be extracted effectively.
In this study, we take advantage of high resolution groundwater level records (at two-minute interval) at the Hualien well ( Fig. 1 ) in eastern Taiwan from 2004 to 2006 for a novel attempt to effectively separate earthquake signals from groundwater level changes without other auxiliary observations. In our approach, groundwater level records are first decomposed into many intrinsic mode functions (IMFs) via the empirical mode decomposition (EMD), and their instantaneous frequencies and amplitudes are obtained using the Hilbert transform (HT) in a temporal period. The instantaneous frequencies are taken to compare with known characteristics of various tides associated with groundwater level variations and the residual can then be employed in identifying coseismic signals.
T H E O RY A N D M E T H O D O L O G Y
The atmospheric pressure and Earth's tide are frequency-dependent responses (Quilty & Roeloffs 1991) and time-series data of the groundwater level are thus transferred to a frequency domain for easy reduction. Traditionally, the Fourier Transform is used for filtering observed data to reveal the signals. Although the Fourier Transform has been developed with a sound mathematic theory, the adopted time-series data are assumed to be linear and stationary. Meanwhile, a low frequency is often a limiting factor for data continuity. In contrast, the Hilbert-Huang transform (HHT) can be employed in a non-linear or non-stationary data set, thus is used here for transferring the data into the frequency domain (Huang & Shen 2005) .
The HHT process involves two primary steps, EMD and then HT. To obtain a subsequent better HT results, the EMD step plays 
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1233 an important role. Huang et al. (1998) indicated that the EMD was based on direct energy extraction associated with various intrinsic timescales, that is, the most important parameter of the data set to decompose the non-stationary and non-linear data into many IMFs. EMD is a shifting process of energy extractions to obtained IMFs. The input data series are first subtracted by means of top and bottom envelops, which are constructed, respectively, by the local maximum and minimum of the input data (for detail, see Huang et al. 1998) . Then, the obtained residual data are examined to determine whether they are IMFs or not. In this study, if the means of the obtained residual data are larger than 10 −3 m, they are adopted to substitute for the input data and repeat the shifting process. On the other hand, if the mean is smaller than 10 −3 m, the shifting process is temporarily stopped and residual data are taken as an IMF. To obtain subsequent unknown IMFs, the data of the next shifting process are replaced by those from subtracting all obtained IMFs, and repeat the shifting process as above. The EMD process ends as the number of local maximum or minimum is less than 2. Based on these extractions, IMFs from high to low frequencies are generally obtained in sequence. Finally, the instantaneous amplitudes and frequencies at each observed point of IMFs can be obtained by the HT (Huang et al. 2003) .
For example, a time-series data would yield j IMFs, using the X j (t) of EMD and the Y j (t) is given by the HT (Bedrosian 1963 ; 
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C.-H. Chen et al. Barnes 1992; Hahn 1996) 
where s is the integration variable and P is the Cauchy principal value. The analytic signal, Z j (t), is defined as
where
Here a(t) is the instantaneous amplitude, θ(t) is the phase function, and the instantaneous frequency (ω) is simply as
Therefore, a time-series records of the groundwater level can be analysed using HHT method and separated into many IMFs.
In this work, the Hualien groundwater level data were first analysed after a low pass filter for removing noises. Nevertheless, it is difficult to prove that the filtered data still contained the needed signals entirely. Thus, the groundwater level records were directly analysed by every observed point taking the HHT as HHT 1 . Instead of using low pass filter, we reconstruct the other two timeseries data designated as HHT 2 and HHT 3 with a down-scale of every 2 (4 min) and 3 (6 min) observed points from recorded data (HHT 1 ), respectively, to detect long-term changes associated with earthquakes and to reduce simultaneously the disturbance from high frequency noises. Note that dt changes to 240 s for HHT 2 and 360 s for HHT 3 accordingly.
Due to the hardware limitation, the data were cut by less than 200 000 observed points for HHT process. The instantaneous amplitude and frequency of each point in j IMFs (IMF j ) can be obtained. After frequency comparisons between the IMF j and the known responses, IMFs associated with semi-daily, daily, and monthly tides can be distinguished. The other IMFs are further engaged to relate with earthquakes.
Effects of coseismic signals are generally observed during a relative short temporal period. IMFs with the frequencies lower than the semi-daily tide (2 1 d −1 ) are first eliminated from our consideration. On the other hand, IMFs with small instantaneous amplitudes and high frequencies are considered as noises. In the end, IMFs with median instantaneous frequencies, which are higher than 2 1 d −1
and lower than noises, are used to compare with the earthquake catalogue. The obtained instantaneous amplitudes describe the energy variations and are treated as assistant parameters for determining the timescale of the related events. Taking the same data set of this study, we also examine the relationship between hypocentre distances and magnitudes of earthquakes in the coseismic signals.
O B S E RVAT I O N A N D I N T E R P R E TAT I O N
Taiwan is located in the western side of the circum-pacific seismic zone and a complex boundary between the Eurasian and the Philippine Sea plates (Ho 1988) . The Philippine Sea Plate moves northwest towards the Eurasian Plate with a rate of 70 km Myr −1 that has resulted in two collision zones on the island with numerous earthquakes. The Longitudinal Valley fault (LV fault), one of the collision zones on land, is located in the eastern part of Taiwan and closely related with the active Meiluen fault (ML fault) found at the northwestern side of the LV fault (Fig. 1 ). To monitor the groundwater level response affected by these two fault systems during earthquake events, the Hualien Well (23.974
• N, 121.606
• E, located at the southern and northern end of the ML and LV faults, respectively; sampling rate = 2 min) was set-up and equipped with barometer and pluviometer ( Fig. 1) −1 ) with several large-amplitude peaks. The high frequency of IMF 3 may be continuously transmitted from noise that has the primary energy and is easily extracted from the record data. Coseismic signals that intermittently affect the groundwater levels have secondary energy and are extracted from the data in this component.
For IMF 4 , most data have small amplitudes at a high frequency range and are similar to IMF 1−3 . However, a few points in IMF 4 with large amplitudes at the low frequency range are related with IMF 5 . These large peaks in IMF 4 are considered as the energy leakage from IMF 5 due to the high similarity between their amplitudes and frequencies. The IMF 5 and IMF 6 with frequencies of 1.957 and 1.139 1 d −1 , respectively show the variations of half and daily tides in the groundwater level records, along with atmospheric pressure. After separating the high frequency data in IMF j (j = 1-6), the frequency, which is lower than 1 1 d −1 , is obtained in IMF m , (m = 7-13). In particular, the semi-monthly and monthly tides are shown in IMF 11 and IMF 13 , respectively. The last residual is illustrated in the bottom of Fig. 2(b) , and represents the long-term decreasing trend of Hualien groundwater level.
The frequency range of the coseismic signals is generally lower than those of the semi-daily tide, and are involved in IMF j , (j = 1-4). In IMF 1 and IMF 2 , strong noises dominate the time-frequency diagrams and IMF 4 carries some long-period signals from IMF 5 . Thus, IMF 3 is the best candidate for identification. However, it does not warrant finding that the median instantaneous frequency of IMF 3 is lower than IMF 2 , and is inconsistent to the normal EMD process. To account for this inconsistency, the variations of atmosphere pressure, groundwater level, precipitation and typhoon events are compared with IMF 3 for HHT 1 , with the associated IMFs for HHT 2 and HHT 3 from 2004 to 2006 (Figs 3-5) . The HHT 1 , HHT 2 and HHT 3 represent the results from different sampling rates during the data processing (HHT 1 = every 1 point; HHT 2 = every 2 points and HHT 3 = every 3 points). Table 2 lists the peaks associated IMFs in the columns of HHT i , (i = 1, 2, 3) (numbers 1 and 0 of that column indicate the groundwater level with or without strong peaks at a specific event, respectively). It is apparent that intense peaks are closely related to major earthquakes (Table 2 ; locations are shown in Fig. 1 ) and strong typhoons (solid triangles in Figs 3c, 4c and 5c). Table 2 . The numbered peaks of strong amplitudes in Fig. 3 . Related source and the raw data types are also shown. HD denotes the hypocentre distance from the earthquake hypocentre to the Hualien well. The 1 and 0 shown in the column of HHT i describe that the groundwater level with and without the numbered strong peaks at numbered time, respectively. The R.T. means the correlated the raw data type-A/B shown in Fig. 6 . Note that the occurrence time of no. 23-1 is too close no. 23 to separate in Fig. 4 The variations of plots (a) and (b) in Figs 3-5 can be easily identified by the concurrent atmosphere pressure abrupt-drop and groundwater level rise. For example, effect of a typhoon with very low atmosphere pressure and heavy rainfall can be visible in the groundwater level on the 182th day from 2004 January 1 (Figs 3a-c) . Effects of typhoons can be observed in all plots of HHT 1 , HHT 2 and HHT 3 , because the groundwater level takes a longer time to reduce their intense inputs.
After the identification of typhoon peaks, the intense signals related to earthquakes can then be separated by the sampling rating of 240 s (4 min) and 360 s (6 min), respectively (Figs 3e, f, 4e, f, 5e and f). A further careful examination of earthquake effects on Hualien groundwater level records in the deduced data set, two responsive types can be distinctly recognized (Fig. 6) . Type-A illustrates that the groundwater level suddenly dropped when the earthquake occurred with a short hypocentre distance (HD) such as the case of No. 1 in Table 2 (17.51 km on 2004 January 13) and yielded an offtrend displacement (Fig. 6a) . When the disturbed material becomes stable, the displacement was stopped. The original tidal variation resumed again 1 hr later (Fig. 6a) . Thus, type-A can be readily found in the low sampling rate HHT 3 , because this kind of coseismic signals is generally longer than 6 min. On the other hand, type-B shows just one brief leap in the groundwater level time-series when the earthquake occurred, as exampled in No. 3 of Table 2 (2004  February 20) . Type-B can only be found in the high sampling rate HHT 1 and should be identified very carefully due to its short and The DG denotes the data gap in the atmospheric pressure and the groundwater level time-series. The strong peaks of the IMF 3 amplitudes which are possibly related with earthquake coseismic changes are numbered in Table 2. sharp response. In some cases, unknown disturbances can generate the same feature as shown in Table 2 Fig. 7) . A total of 28 coseismic events were observed in the Hualien groundwater level records from 2004 to 2006, nine of them belong to type-A and nineteen to type-B. Our results are compatible with the previous study that showed the threshold relationship between distance from epicentre (or hypocentre) versus earthquake magnitude for seismically induced changes in well levels or groundwater-controlled springs (Montgomery & Manga 2003) . It is evident that all type-A events have a common characteristics of relatively short HD (HD = 6.47-25.58 km) that is proportional to their magnitudes, as compared to type-B peaks with relatively broad HD ranges (HD = 7.76-119.44 km). Furthermore, all type-A events distribute exclusively on the left side of the dashed line in Fig. 7 and type-B events crossover the boundary but The DG denotes the data gap in the atmospheric pressure and the groundwater level time-series. The strong peaks of the IMF 3 amplitudes which are possibly related with earthquake coseismic changes are numbered in Table 2. primarily on the right-hand side. The discrepancy between types A and B in Fig. 7 is very interesting and implies that it is caused by different mechanisms from earthquakes. A detailed study is suggested to further analyse this important phenomenon.
D I S C U S S I O N A N D C O N C L U S I O N S
This study has also tried to focus on the relationship between earthquake magnitudes versus epicentre distances in discussing groundwater level variations. However, as shown in Fig. 1 , neither type-A nor type-B signals can be differentiated with each other by epicentre distances. On the contrary, both types can be readily separated using HD instead as demonstrated in Fig. 7 . This unique feature of Fig. 7 suggests that the characteristics between the type-A and B are quite different. In general, the type-B event is primarily observed at HHT 1, but often missed at HHT 2 and HHT 3 (Figs 3-5) . Thus, the appearance period of type-B is generally less than 2 min (the sampling rate of Hualien monitoring well) cannot be fully observed at lower sampling rate analysis (>2 min). On the other hand, many studies have shown that when the earthquake seismic wave propagations pass through and result the strain changes near the well, the groundwater levels are often disturbed within a short temporal period (Brodsky et al. 2003; Kano & Yanagidani 2006; Doan & Cornet 2007) . Based on the changes without off-trend disturbance, type-B signals are elastic responses of medium caused by the continuous variations for the tides with long-term period. The DG denotes the data gap in the atmospheric pressure and the groundwater level time-series. The strong peaks of the IMF 3 amplitudes which are possibly related with earthquake coseismic changes are numbered in Table 2 .
The ratio of observed type-B peaks in HHT 3 versus HHT 1 plus HHT 2 is 5/19 (= 26.3%), and approaches the occurrence probability (33%) as the down-scale data sampling (HHT 3 ) by every three observed points from HHT 1 . Hence, the observation of type-B signals in the Hualien groundwater records is mainly caused by the arrival of strong seismic waves. On the other hand, the type-A signals observed in the Hualien groundwater records exhibit not only a coseismic variation but also last for a certain period to get the groundwater level back to the normal trend (Fig. 6) . The obvious discrepancy between types A and B in the Hualien records strongly suggests that the mechanisms are very different in terms of groundwater response to the arrival of seismic waves. In cases of type-A response, HD are positively correlated to their respective earthquake magnitudes, and confined to the left side of distribution limit defined by earthquakes without coseismic signals in the Hualien groundwater records (Fig. 7) . This feature may be related to the fault geometry, intensity coverage and strain change during the earthquake events.
In previous studies, to observe the type-A coseismic signals in the groundwater level variations during an earthquake, parameters of the barometers, pluviometers and variations of the Earth tide are all required. In this work, we demonstrate that using HHT analyses for the groundwater level record, we can directly achieve the same or even better results. By the HHT method, many major sources can be clearly separated in the groundwater level records, and their instantaneous frequencies can be confidently related with the semi-daily, daily, semi-monthly, monthly tides without the input of barometric, precipitation and/or Earth tide information (Fig. 2) . HHT 3 series that composed by every three observed points from original data provide a relatively fast and effective way to reduce the noise and stand out the coseismic signals (Figs 3-5 ). This technique may serve as a candidate for automation work in the earthquake monitoring involving large quantity of data series.
When IMFs are performed by EMD, the median of the instantaneous IMFs frequency should gradually decrease along with the increasing orders. However, we found that the median of the IMF 3 instantaneous frequency is larger than those of IMF 1 and IMF 2 in this study. This characteristic suggests that the energy involved in IMF 3 with the strong amplitude is contributed by earthquakes. In this study, type-A was detected in the groundwater level record for a temporal period longer than 6 min and positively related with the earthquake magnitude and hypocentre distance. For type-B, the groundwater level changes are generally less than 2 min, and the detection is strongly dependent on the resolution of recording time and propagation of the strong seismic waves. The HHT method provides a valuable tool for decomposing the groundwater level data 
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